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Introduction
Over the past decade, the Mississippi Barrier Islands have been the focus of a comprehensive geologic investigation by the U.S. Geological Survey (USGS), in collaboration with the U.S. Army Corps of Engineers (USACE) and the National Park Service (NPS). The islands (Dauphin, Petite Bois, Horn, East Ship, West Ship, and Cat) are part of the Gulf Islands National Seashore (GUIS), and provide a diverse ecological habitat, protect the mainland from storm waves, and help maintain estuarine conditions within Mississippi Sound ( fig. 1 ). Over the past century, the islands have been in a state of decline with respect to elevation and land-area loss (Morton, 2007) . In 2005, the islands were severely impacted by Hurricane Katrina, which inundated them with a storm surge of 8 meters (m) (Fritz and others, 2007) , causing severe shoreface erosion and widening breaches in Dauphin, West Ship, and Cat Islands. To evaluate the impact and fate of the islands, understanding their evolution and resiliency became a priority for the USGS under the Northern Gulf of Mexico Ecosystem Change and Hazard Susceptibility Project. The project formed the basis for collaboration with the USACE Mississippi Coastal Improvement Project (MsCIP), which is intended to restore portions of coastal Mississippi and GUIS affected by storm impact. Since then, many studies have contributed to our understanding of the islands' morphology (Otvos and Carter, 2008 , Morton and Rogers, 2009 , Byrnes and others, 2013 ) and nearshore stratigraphy (Greene and others, 2007; Twichell and others, 2011; Flocks and others, 2011a Buster and Morton, 2011; Kindinger and others, 2014) . This report expands upon the nearshore component to provide a stratigraphic and morphologic assessment offshore of Petit Bois Island. In June 2013, as part of the MsCIP project, the USGS conducted a geophysical survey consisting of about 650 line-kilometers (km), encompassing an area of approximately 212 square kilometers (km 2 ). The survey area extended from 1 to 13 km offshore of Petite Bois Island ( fig. 2 ). The geophysical investigation included interferometric swath bathymetry, sidescan sonar, and chirp subbottom profiling. The intent of the survey was to provide geologic information that would assist the USACE in developing a sediment sampling strategy for identifying deposits suitable for shoreline restoration operations. The data from the geophysical survey would also further our understanding of the geologic framework along the inner shelf. Numerous sea floor and subbottom features were identified. At the surface, shoals and shelf sand sheets of various sizes and orientations are the predominant morphology. In the subsurface, Holocene-and Pleistocene-age features include marine transgressive deposits infilling older fluvial distributary systems. These interpretations from the geophysical research were integrated with sediment cores collected by the USGS and USACE ( fig. 2 ) to provide textural and volumetric information.
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Methods
Approximately 212 km 2 of the inner shelf adjacent to Petit Bois Island were surveyed in June 2013 onboard the University of Southern Mississippi research vessel (R/V) Tommy Munro ( fig. 3 ). Line spacing of the tracklines was 150 m in waters less than 15 m, and 300 m in deeper waters ( fig. 2) , oriented parallel to the shoreline. Five shore-perpendicular tracklines were collected across the survey area to tie the horizontal lines together. Three acoustic systems were deployed during the survey:
1. A pole-mounted SEA SWATHplus-H 468 kHz [kilohertz] Interferometric system measured water depth. Navigation and boat motion during the survey was acquired using a Coda Octopus F190 Precision attitude and positioning system, which was differentially corrected by the OmniSTAR HP DGPS [differential global positioning system] constellation. To account for changes in the way water density affected acoustic travel time, sound-velocity at the transducer was continuously recorded. In addition, water column sound-velocity profiles were acquired in a uniform distribution across the study area by bringing the vessel to a stop and recording sound velocity from the sea floor to the surface using a cast profiler.
2. Backscatter imaging of the sea floor was acquired using a Klein 3900 dual frequency (445 and 900 kHz) side-scan sonar towfish towed off the port quarter of the vessel, approximately 4 m astern and 2 m deep. Layback of the towfish to the DGPS antenna was calculated dynamically during acquisition.
3. Subbottom seismic profiles were recorded along the vessel track with an EdgeTech SB-512i chirp towfish towed at the surface off the starboard quarter of the vessel, approximately 5 m astern. The (2011), and Twichell and others (2011) . The geologic interpretations were developed with OpendTect seismic interpretation software, and the maps were created using Generic Mapping Tools (GMT) and Quantum Geographic Information System (QGIS), all of which are open source software applications.
Study Area and Geologic Setting
The study was conducted on the inner Mississippi-Alabama shelf, a slowly subsiding, passive continental margin bound to the west by the Mississippi River Delta and to the east by the DeSoto Canyon offshore of the Florida Panhandle (Sydow and Roberts, 1994) . The shallow stratigraphy of this region is the product of fluvial-marine sedimentation driven by sea-level oscillations during the late Pleistocene and into the Holocene (Flocks and others, 2011b) . During periods of lower sea level, the region was a flat, low elevation coastal plain with low gradient rivers meandering across older shelf stratigraphy (Kindinger and others, 1994; Bartek and others, 2004) . Within the study area, fluvial systems that extended across the shelf are related to modern watersheds in southern Mississippi and Alabama (for example, the Fowl, Bayou La Batre, Pascagoula, and Pearl rivers). Throughout the Holocene, sea-level rise flooded the coastal plain, infilling the river embayments with sediment and forcing bayhead deltas to migrate upstream (Bart and Anderson, 2004) . Burial of these transgressive deposits produced the most complete stratigraphic component of the inner-shelf features. Tidal inlet and barrier island development seaward of the embayments were inundated by rapid sea-level rise and reworked into expansive sand sheets and shoals composed of moderately sorted medium to fine sand (Doyle and Sparks, 1980) . West of present day Mobile Bay, shoals are rare and occur almost exclusive to the area between Dauphin and Petite Bois Islands. These shoals are stable features extending from ~4 to 20 m water depth. They trend northwest-southeast, parallel to the prevailing wave climate, and are composed of poor to moderately sorted medium sand (Flocks and others, 2011a) . By about 5 thousand years before present (5 kyr BP) sea-level rise reached the position of GUIS, and a dominant westward littoral system initiated the development of the barrier islands. Sediment supply for the islands was sourced primarily from the Mobile River embayment deposits (Otvos, 1981; Greene and others, 2007) . As sea level reached its present position, the St. Bernard Delta complex of the Mississippi River Delta encroached into the western Mississippi-Alabama Shelf, covering the backfilled stratigraphy with muddy prodelta deposits until delta development ceased about 2 kyr BP (Otvos and Giardino, 2005) , completing the modern morphologic setting of the inner shelf.
Study Results
Bathymetry
The sea floor within the study area slopes gently to the southeast (fig. 4) . In general, sea floor gradients across the study area are about 0.03 degrees (°). This gradient is consistent with most of the Mississippi-Alabama Shelf within 20 m water depth, which typically has a gradient of less than 1° (Flocks 5 and others, 2011b). A series of four northwest-southeast trending shoals span the study area ( fig. 4) . The orientations of the shoals vary from 121° to 131°, from north. Wave data measurements from the closest buoy (located 83 km east-southeast of the study area) indicate that shoal direction is oriented parallel to the prevailing wave climate ( fig. 5) . A similar investigation immediately east of the study area (Flocks and others, 2011a) suggests that shoals in this area are vestiges of the marine environment prior to the present sea-level highstand and are no longer active. The prevailing regional wave climate was likely the same throughout the late Holocene, and wave action at lower sea levels influenced shoal orientation, similar to other shoal systems across the mid-shelf (such as the Perdido Shoals; McBride and others, 1999) .
In the profiles, the shoals are the predominant features on an otherwise flat inner shelf ( fig. 6 ), which is covered by a thin (<1.5 m) sand sheet that grades laterally into muds within the intershoal areas (Flocks and others, 2010) . Individually the shoals vary in width, length, and thickness ( fig. 7) . The three largest shoals within the study area range in width from 0.7 km at their southeastern extents to over 1.5 km at their northwestern ends, with lengths ranging from 7 to 9 km. Their maximum thickness is similar, at about 4 m, although shoal 1 has consistently higher elevations, providing 18 percent more volume per unit area (table 1) . The shoal contains 71 percent more volume per unit area than that of the sheet sands within the intershoal area. The combined volume of the three largest shoals comprise 15 percent of the surface sediments within the study area and contain 24 percent more sediment than the subaerial portion of neighboring Petit Bois Island (table 1) .
Visual observations of the sediment cores acquired within the shoals describe consistent, poorly graded sand with silt and few shell fragments (USACE, 2014) . Grain size and sand content within the deposits is variable, with a D50 ranging from 0.11 to 0.34 millimeters (mm) (very-fine sand to medium sand), and 81 to 99 percent sand (table 1). The intershoal areas typically contain less than 1 m of fine sand (D50: 0.17 to 0.32 mm) variable amounts of silt, and sand content ranging from 65 to 99 percent. D50 refers to the median diameter particle size, where 50 percent of the sample is larger and 50 percent is smaller than the median grain size.
Stratigraphy
The base of the shoal/intershoal system lies conformably on a thin layer of transgressive marine sediments deposited during the initial Holocene sea-level rise. These sediments are composed of poorly sorted fine sand and silt, and sand content ranges from 89 to 92 percent (USACE, 2014). In the 8 eastern half of the study area, the deposits are typically less than 2 m thick and uniform (figs. 6 and 8).
To the west they thicken considerably, up to 4 m as they infill former fluvial channels that crossed the area during the last lowstand (figs. 8 and 9). The thicker deposits delineate a channel trending north to south across the central part of the study area and a larger channel that occupies the western portion of the study area ( fig. 8 ). This channel is one of two large Pleistocene distributary systems located at either end of the study area (figs. 6 and 9). Figure 10 outlines the oldest and largest channel. The channel ranges from 2.5-6.5 km in width and contains various patterns of fill (figs. 6 and 11). Sediment cores penetrated the shallowest deposits within the channel fill and found 83 to 97 percent fine sand (table 1) . This deposit has a distinct acoustic pattern (see sandy fill, fig. 11 ) and can be mapped out relative to the channel ( fig. 10 ). The feature is up to 6.8 m thick and comparable in volume to the large shoals, with 1.97x10 7 cubic meters (m 3 ) of sediment (table 1). The base of the older Pleistocene channel described above is incised to the west by the other large Pleistocene channel ( fig. 9 ). This horizon is fairly uniform in depth elsewhere in the study area ( fig. 12) , dipping slightly to the south and southeast. The stratigraphic position of the channel indicates that it represents a more recent sea-level cycle than the older channel, possibly the last lowstand (oxygen isotope stage 2) as it contains the early Holocene transgressive deposits described earlier ( fig. 9 ). The distributary system is not as large as the older channel, although it extends out of the study area to the west so its total size is not resolved in this study. Sediment cores within this deposit indicate that it contains mud at the base, grading into 90 percent fine sand at the top (USACE, 2014).
In the northeastern portion of the study area, the Pleistocene fluvial deposits terminate at a distinct sequence of high-angle reflections in the seismic record ( fig. 13 ) that could represent bayhead delta deposits stranded within the former fluvial channel. Reflectors dipping to the north, south, and west define the deposit, with patterns consistent to similar bayhead delta deposits identified in the Mobile-Tensaw paleo-valley (Greene and others, 2007) . The eastern side of the deposit extends beyond the study area. A sediment core that penetrated this deposit found 91 percent moderately sorted fine to medium sands increasing downcore (Kelso and Flocks, 2015) , interbedded with lenticular silts (table 1). The thickness of the feature and its position relative to the fluvial channel are shown in figure 10 . The deposit is lens-shaped, with a maximum thickness of 11 m and a volume within the study area of 10x10 7 m 3 , a very large feature compared to the other deposits characterized in this study ( (1) 13cct04_13i008 v.e. = 52x
Pleistocene fluvial deposits (younger channel)
incised Pleistocene fluvial deposits (older channel) Figure 9 . Example chirp profile shows variable thickness within the early Holocene transgressive sediments as they infill older fluvial channels. At depth, the profile shows younger Pleistocene channel deposits incising older channel stratigraphy. Profile location shown in figure  8 . Depth is expressed in meters (m); distance is expressed in kilometers (km).
Discussion
The features identified in the study represent Pleistocene fluvial stratigraphy overlain by Holocene deposits that include transgressive marine sediments, sand sheets, and shoals. These Holocene deposits were reworked from the Lower Pleistocene units during sea-level rise. The prevailing wave climate shaped the shoals prior to present sea-level conditions. The position of the shoals relative to the fluvial channels suggests they were sourced locally rather than from regional littoral processes. Their genesis is different from the processes that created the present day barrier islands, which were formed through longshore transport of sediment from deposits at the mouth of Mobile Bay (Morton, 2007) . While the GUIS barrier islands are actively migrating in response to wave climate and storms (Morton, 2007; Otvos and Carter, 2008; Byrnes and others, 2013) , bathymetric change analysis of shoal systems east of the study area suggests relative offshore shoal stability over the past century (Twichell and others, 2011; Flocks and others, 2011a ) and likely since sea-level rise approached present levels around 4-6 ky BP. The intershoal areas are composed predominantly of a thin (<1 m) layer of muddy sand. fig. 9 for example). The distributary system contains several distinct patterns of fill. Sediment cores collected in the shallow fill show fine to medium grain sand. The isopach and location of this feature are inset (sandy fill), and an example profile of the deposit is shown in figures 6 and 11. At the northern end of the Pleistocene distributary system, seismic patterns consistent with bayhead delta deposits are mapped out as an isopach inset; an example profile of the deposit is shown in figure 13 . Thicknesses are expressed in meters (m); distance is expressed in kilometers (km). Bathymetric image is 2007 DEM, with a 10-meter cell size and referenced to mean high water. Background map courtesy of the NOAA National Geophysical Data Center (NGDC) (http://www.ngdc.noaa.gov/dem/squareCellGrid/download/241). The stratigraphy below the surface deposits is primarily fluvial systems formed during past sealevel lowstands. Seismic reflection geometries within the fluvial channels reveal that different types of sedimentary patterns (figs. 6 and 11) were deposited under changing physical conditions during sea-level oscillations. Cores that penetrate the uppermost units of channel fill reveal poorly sorted, fine-grained sand. Small amounts of shell material within these deposits suggest transgressive back-filling of the distributary system during sea-level rise. At the northern end of the older Pleistocene channel, high-angle seismic reflection patterns ( fig. 13 ) suggest bayhead delta sediments were captured within the former incised valley during sea-level rise.
Sand Resources
Sea floor and subsurface deposits that could provide sediment resources for restoration projects include the shoals and Pleistocene channel fill ( fig. 14) . Several large shoals cross the study area and contain up to 3.5 m of sediment with sand content that ranges from 81 to 99 percent. However, the base of the shoals contains a mud layer described in (USACE, 2014) as silts and clays with trace fine-grained sand ( fig. 15 ). This mud layer is persistent throughout the study area and reduces the total sand content of the shoals (table 2). Figure 11 . Raw profile (top), seismic/core interpretation (center), and enlarged portion of shoal area (bottom) provide an example of the various types of deposits within the study area, including the Pleistocene distributary systems, the transgressive-fill deposits, and the overlying late Holocene surface shoals and sandsheets. Location of profile shown in figure 10 , as is the location and isopach of "sandy fill" deposit (tf). This feature was penetrated by sediment cores and found to contain medium-grained sand. Depth is expressed in meters below sea level (mbsl); distance is expressed in kilometers (km). Vertical exaggeration is 88x. Subsurface features that potentially contain suitable amounts of sandy material are the transgressive channel-fill (figs. 11, 13, and 15), and bayhead delta deposits ( fig. 13 ). Their physical characteristics are shown in table 1 and their spatial extent in figures 10, 14, and 16. The fill deposit is composed of 83 to 97 percent fine sand (USACE, 2014), which would yield about 75 x10 6 m 3 of sand, although the entire deposit is too deep to excavate. Figure 15 demonstrates that, as a resource, access to the buried deposit would be more productive through the intershoal areas, where the muddy unit found at the base of the shoals is not present. Figure 16 is a map of the overburden, which includes the shoals, sand sheet, and the transgressive unit, relative to the sandy fill deposit. Figure 14 displays outlined areas where the muddy unit that underlies the shoals can be avoided to maximize sand content.
The other deposit within the Pleistocene fluvial channel is located at the northern end of the study area, adjacent to Petit Bois Island (figs. 10 and 14), and is interpreted to be bayhead delta deposits ( fig. 13 ). With up to 11 m of 91 percent fine to medium sand, this deposit would yield the highest volume of sand within the study area (91 x10 6 m 3 ), although the sand content is variable down section, and it is unlikely the entire resource could be recovered. The deposit is overlain by 2-5 m of sandy mud. As a borrow site, the location is 1-4 km from Petite Bois Island, and reduction of sea floor elevation at this location could affect wave dynamics at the island. Modeling of oceanographic conditions would be necessary to determine how removal of this material would impact the island shoreface. 
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Conclusion
A geophysical investigation that included swath bathymetry, sidescan sonar, and chirp subbottom profiling was conducted on the inner shelf offshore of Petit Bois Island to investigate shoals and subsurface features. The study demonstrates that high-resolution geophysical surveys, groundtruth with sediment cores, can adequately characterize the near surface geology and provide information suitable for coastal restoration projects. The study identified several shoals, each averaging 1 km wide, 8 km long, and 4 m thick, surrounded by a thin (~1 m) muddy sand sheet. Volumes of the shoals range from 20-24 x10 6 m 3 , with a sand content of 81 to 99 percent. These deposits rest on a thin (1-4 m) layer of marine sediments deposited as sea level last transgressed the area. Below this layer are deposits associated with Pleistocene distributary systems that crossed the study area during at least two former sea-level lowstands. These channels are infilled with transgressive material and relic fluvial deposits. Two predominant distributary systems are identified: a larger, older channel in the eastern portion of the study area, and a younger system to the west. The base horizon of the younger system truncates the older deposits, and the unit infills the low areas. Deposits within the distributary systems include a sandy-fill feature 2-9 m below the sea floor that contains 83 x10 6 m 3 of material, with a sand content of 83-97 percent, and bayhead delta deposits with a volume of 100 x10 6 m 3 , 2-5 m of overburden, and a sand content of 91 percent. Naturally, for sand resources, the overburden may limit accessibility to the deeper deposits, and the study demonstrates that targeting the intershoal areas may provide more direct access and a higher sand yield. However, as some of the overlying material includes portions of the shoals and sand sheets, the overburden may contribute to the overall sand volume.
The geologic framework developed in response to at least two sea-level cycles. A model to describe the geologic and morphologic development ( fig. 17 ) begins with a sea-level lowstand within the Pleistocene ( fig. 17A) , that predates the last (oxygen isotope stage 2) lowstand. During this time distributary systems crossed the shelf and within the study area are preserved primarily in the eastern side; with sea-level rise the channels were infilled with sediment ( fig. 17B ). At the oxygen isotope stage 2 lowstand, distributary channels once again crossed the study area, incising the former fluvial deposits ( fig. 17C ). As in previous flooding events, these lowstand features were reworked and infilled during fig. 17D ). At this time, transgressive sands covered the top of the deposits as sand sheets, and a prevailing southeasterly wave climate reworked these deposits into shoals, completing the morphological evolution of the inner shelf. Figure 17 . Conceptual model of the geologic development of the study area. A, Sea-level lowstand (prior to the last lowstand), distributary systems crossed the area to drain at the outer shelf. B, Sea-level rise flooded the fluvial deposits, infilling the former channels with sediment. C, The last sea-level lowstand (oxygen isotope stage 2), channels incised the former transgressive and fluvial deposits (the western edge of the channel shown extends beyond the study area). D, Holocene sea-level rise floods the study area, depositing transgressive sand sheets while wave-action reworked some former deposits into shoal systems.
